Recent advances in understanding the CRISPR/Cas9 system have provided a precise and versatile approach for genome editing in various species. However, no study has reported simultaneous knockout of endogenous genes and site-specific knockin of exogenous genes in large animal models. Using the CRISPR/Cas9 system, this study specifically inserted the fat-1 gene into the goat MSTN locus, thereby achieving simultaneous fat-1 insertion and MSTN mutation. We introduced the Cas9, MSTN knockout small guide RNA and fat-1 knockin vectors into goat fetal fibroblasts by electroporation, and obtained a total of 156 positive clonal cell lines. PCR and sequencing were performed for identification. Of the 156 clonal strains, 40 (25.6%) had simultaneous MSTN knockout and fat-1 insertion at the MSTN locus without drug selection, and 55 (35.25%) and 101 (67.3%) had MSTN mutations and fat-1 insertions, respectively. We generated a site-specific knockin Arbas cashmere goat model using a combination of CRISPR/Cas9 and somatic cell nuclear transfer for the first time. For biosafety, we mainly focused on unmarked and non-resistant gene screening, and point-specific gene editing. The results showed that simultaneous editing of the two genes (simultaneous knockout and knockin) was achieved in large animals, demonstrating that the CRISPR/Cas9 system has the potential to become an important and applicable gene engineering tool in safe animal breeding.
Introduction
The clustered regularly interspaced short palindromic repeats/Cas9 nuclease-null (CRISPR/Cas9) system has brought revolutionary changes to gene editing [1] [2] [3] . Compared with other techniques, this system has the advantages of low cost, ease of operation and high cutting efficiency; it is therefore widely used in various types of gene editing, including gene knockout, site-specific knockin and simultaneous multi-site knockout [4] [5] [6] [7] [8] .
Myostatin is a negative regulator of muscle development. The mutation of its gene (MSTN) results in muscle overgrowth, further increasing the diameter and number of muscle fibers [9, 10] . The fat-1 gene encodes n-3 polyunsaturated fatty acid (PUFA) dehydrogenase, which converts n-6 PUFA into n-3 PUFA. fat-1 upregulation increases n-3 PUFA amounts in animals [11] , suppressing cardiovascular diseases [12] [13] [14] [15] , neurological diseases [16] [17] [18] and cancer [19] [20] [21] [22] .
Using the CRISPR/Cas9 gene editing system, we constructed a MSTN-knockout plasmid as well as a MSTN site-specific fat-1-knockin vector (Fig. 1A ), which were both electroporated into goat fetal fibroblasts to screen for positive clonal cells. A gene-edited The double-strand break induced at the target locus was repaired by homologous recombination between the target locus (top) and exogenous donor (middle), leading to a precise insertion of fat-1 (bottom). Two different detection primer pairs were designed for molecular analysis. There were two sgRNA target loci; the probe was used for Southern blot. (B) The targeting efficiencies of sgRNA1 and sgRNA2 were assessed by the Surveyor nuclease assay. Red arrowheads indicate the excised DNA bands. M, marker; NC1 and NC2, PCR product (666 bp) without enzymatic digestion; PC, positive control. The efficiency of sgRNA1 is 11% and of sgRNA2 is 35%. (C) Using the free tool SGRNACAS9 to predict potential off-target genome-editing sites, 15 potential off-target sites were selected, amplified and sequenced, and no off-target mutations were found. (D) Another method to detect the off target of the CRISPR/Cas9 system. The gel pictures on the left represent the Surveyor digestion results: none of the predicted off-target PCR products was digested by Surveyor. M, DNA marker; g2, sgRNA2 vectors assessed by the Surveyor nuclease assay. Red arrows indicate excised DNA fragments.
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Results

Mutation efficiencies of sgRNA expression vectors
The efficiencies of small guide RNA (sgRNA) vectors were assessed with the Surveyor mutation detection kit. After 1.5% agarose gel electrophoresis, gray-scale analysis was performed to determine the mutation efficiencies of the sgRNA1 and sgRNA2 vectors in goat fetal fibroblasts. Interestingly, sgRNA1 and sgRNA2 showed mutation efficiencies of 11% and 35%, respectively (Fig. 1B) , indicating that sgRNA2 efficiency was higher than that of sgRNA1. Thus, the sgRNA2 target locus was used in subsequent experiments.
Off-target analyses of CRISPR/Cas9
To detect off-target mutations in the MSTN gene-targeted goats, potential off-target genome-editing sites were predicted by two methods. Firstly, six putative off-target sites in the goat genome were identified and analyzed for sgRNA2. Surveyor mutation detection kit assays showed that none of the PCR products of the predicted off-target sites were digested (Fig. 1D) , suggesting that off-target cleavage did not occur, at least within the detection scope of Surveyor digestion. Secondly, the software tool SGRNACAS9 was used to predict potential off-target genome-editing sites ( Fig. 1C and Table S1 ). To detect off-target mutations in the MSTN gene-targeted goats, DNA sequences compatible with sgRNA2 were examined, and 15 potential off-target sites were selected, amplified, sequenced and analyzed. Although no off-target mutations were found, it is uncertain whether they occurred at untested sites.
Identification of positive clonal cells
Clonal cells were identified by PCR and sequencing with MSTN knockout, fat-1 knockin and site-specific insertion of fat-1 into the MSTN locus. Statistical results are shown in the Fig. 2B .
Identification of cell lines with MSTN knockout
Primers for MSTN knockout were used for PCR identification and sequencing of 156 clonal cell strains. Figure 2A1 shows representative electrophoresis data. A total of 55 strains showed double peaks close to the sgRNA2 locus (Fig. 2C ), and were considered positive mutant clonal cell lines (knockout efficiency, 35.2%; where knockout efficiency = no. of knockout clonal cell lines/no. of total clonal cell lines 9 100). The PCR products were purified, ligated into PMD-19T, and transformed into E. coli Trans-110. After plating, 10 single colonies for each strain were sequenced and stored; sequence comparison showed that 42 (26.9%) and 13 (8.3%) strains had single-and double-allele mutations, respectively. There was a total of 15 mutations, with 38 bp deletion and 12 bp insertion at the most (Fig. 2D) .
Identification of cell lines with fat-1 integration
Identification primers were used for PCR amplification and sequencing of 156 clonal cell lines. A total of 101 strains had fat-1 insertion (representative electrophoresis data are shown in Fig. 2A2 ), indicating an efficiency of 67.3% (where integration efficiency = no. of cell lines with integration/no. of total cell lines 9 100).
Identification of cell lines with simultaneous MSTN knockout and fat-1 insertion at the MSTN locus To identify cell lines with simultaneous MSTN knockout and fat-1 insertion at the MSTN locus, PCR amplification using 5 0 -and 3 0 -junction primers was performed on the 101 cell lines with fat-1 insertion. The sequence results showed that 40 cell lines had simultaneous MSTN knockout and fat-1 integration at the mono-allelic level (Fig. 2A3,A4 , and Table S3 ) but without biallelic modifications, indicating an integration efficiency of 25.6% (where specific integration efficiency = no. of cell lines with specific integration/no. of total cell lines 9 100).
Generation of gene-edited goats by SCNT
SCNT was used to generate transgenic goats with simultaneous MSTN knockout and fat-1 insertion at the MSTN locus (Fig. 3A) . The P011 clonal cell line was selected as the donor cell (Fig. 3B ) and 249 embryos were obtained by somatic cell nuclear transfer (Table 1) . One hundred and thirty-four cloned embryos (Fig. 3C ) were selected and transferred into 56 recipient goats. Two to seven injected embryos were transferred to each recipient. Of the 56 recipient goats, eight pregnancies were established according to estrus cycle observation. After full-term gestation, one transgenic goat (Fig. 4A) was successfully bred and its birth weight, weaning weight and weight after shearing were 3.0, 25.0 and 55.0 kg, respectively; this is higher than those of the WT (birth weight, 2.6 kg; weaning weight, 21.5 kg; body weight after shearing, 53.5 kg) (Fig. 4B) . Muscle samples from the leg of the MSTN gene-targeted cashmere goats were analyzed by observing muscle cross-sections under a microscope; the muscle fibers of mutant (MUT) goats were significantly stronger than controls (Fig. 4C) .
Characterization of the gene-edited goat
PCR identification
Ear fibroblasts from the MUT and WT goats were sampled, and genomic DNA was extracted for PCR identification of specific insertion of the exogenous fat-1 gene. Figure 4D shows electrophoresis data, with the band showing the expected size. The PCR products were then sent for sequencing (Table S3) .
Southern blot data
The extracted genomic DNA was used for Southern blot. After digestion with the MluI and ScaI restriction endonucleases (Fig. 1A) , hybridization bands were generated at around 7.4 kb, indicating that the exogenous fat-1 gene was successfully inserted into the MSTN gene (Fig. 4E ). 
Real-time PCR findings
Real-Time PCR was performed to quantify the RNA levels of fat-1 and MSTN. The results showed that fat-1 gene expression levels in the transgenic goat were 1.50-fold higher than those of the wild-type (WT) animal, while MSTN levels were only 0.488-fold the control value (Fig. 4F ). 
Western blot findings
Western blot was performed to compare the protein expression levels of MSTN in transgenic and WT goats, with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal reference. As shown in Fig. 4G , GAPDH levels were not significantly different between the two animals, However, MSTN protein levels in the transgenic goat were significantly lower than those of the WT counterpart. Gray-scale analysis shows that the MUT level is 0.40-fold lower than that of the wild-type animal. Figure 4H shows PUFA levels as assessed by GC-MS. Interestingly, cells with fat-1 insertion showed significantly decreased n-6 PUFA levels (WT, 6.92; MUT, 3.81), whereas n-3 PUFA amounts showed no significant change (WT, 2.62; MUT, 2.68). The ratio of n-6 PUFA to n-3 PUFA was also significantly lower in the transgenic goat compared with the control value (WT, 2.92; MUT, 1.42).
PUFA analysis
Discussion
Most transgenic animals harbor monogenic traits. However, in actual production, transgenic animals often need to carry multiple advantageous traits. Since traditional culturing of multi-trait transgenic animals is often based on single transgene animals, complex hybridization and breeding between different animals make the whole process complicated and time-consuming. Thus, with the multi-gene co-expression technique, transgenic animals with complex traits have become a developmental trend for transgenic animal breeding. This technique allows the coordinated expression of multiple genes in animals, which significantly increases the efficiency of transgenic transformation and promotes large-scale production of transgenic animals. In 2015, Wang et al. used the CRISPR/Cas9 system to knockout the MSTN and FGF5 genes in the goat [5] , and achieved simultaneous editing of both genes. However, this editing knocked out two genes, and did not involve gene insertion. In this study, we used the CRISPR/Cas9 system to knockout the MSTN gene while specifically inserting the exogenous fat-1 gene, thus achieving the co-expression of two genes in the goat, with significantly improved efficiency of transgenic transformation. With its rapid development, transgenic technology is considered the most important tool in gene function research and molecular animal breeding. However, the safety of transgenic techniques has aroused widespread concern. In recent years, scholars have attempted to improve the safety of transgenic animals, mainly focusing on point-specific gene editing [23] , unmarked and non-resistant gene screening and screening marker removal [24] .
During somatic cell nuclear transplantation, donor cells are often designed with marker and resistance genes, such as neo and HSV-tk, which help screen for positive clonal cells by G418 or ganciclovir [25] . However, once positive cells are obtained, marker genes would be of no use, and their presence may affect the expression of target genes. Besides, when marker genes are retained, there are potential risks for transgenic animals. Hence, for biosafety, the selection of target genes and expression vector construction should eliminate all possible risk factors. In this study, we constructed the unmarked, non-resistant knockin vector 5 0 hpCAGDNA3-fat-1-3 0 h, and obtained many positive clonal cell lines by blind screening. Compared with the Cre/loxP recombination system, the present method avoided the harmful effects of secondary transfection on cells, with less impact on cell growth. Despite experimental challenges and the increased workload, the current method significantly improved the safety of transgenic animals, and increased the efficiency of blind screening to 25.6% using CRISPR/Cas9.
For most transgenic animals, exogenous genes are randomly integrated into the genome [26] . Different insertion sites may lead to distinct expression levels, affecting the expression of normal genes and animal health. Thus, establishing a site-specific integration technique is another developmental trend for transgenic animal breeding. Using the CRISPR/Cas9 technique, we successfully inserted the exogenous fat-1 gene into the MSTN site, avoiding gene silencing (i.e. 
01). (G) Protein levels of MSTN in
WT and MUT goats, as assessed by western blot. MSTN expression levels were normalized to GAPDH. Error bar, mean AESD. **highly significant difference (P < 0.01). (H) PUFA analysis of n-6, n-3, and n-6/n-3 in WT and MUT goats with error bars representing SD. *Statistically significant (P < 0.05).
livestock [28] . First, transgenic cells are pre-identified positive clonal cells, and the cloned animals would certainly be transgenic, increasing the efficiency of transgenic animal production. Secondly, somatic cell cloning does not introduce harmful or poisonous substances. Considering the difficulty of screening for positive cells with no marker or resistance gene, this study used the aspiration method (including a glass tube dragged into a pipette that only allows the passage of single cells), and inoculated single cells into a 96-well plate employing microscopy under aseptic conditions. After the single cells grew into colonies, PCR amplification was performed to characterize each clonal cell line, thereby ensuring the safety and security of transgenic cells. Genome editing is a technique that introduces accurate changes into the genome by using point-specific gene knockout and exogenous gene knockin. Commonly used genome editing systems include zinc finger nucleases (ZFN), transcription activator-like effector nuclease (TALEN) and CRISPR/Cas9 [29] . Traditional gene targeting by homologous recombination has very low efficiency (10
À6
- 10 À7 ), and clonal cells are obtained by either positive or negative screening. Thus, it is impractical for actual production. The ZFN system could increase cell mutation efficiency to about 10 À2 , and allows strains with double allele knockout in one experimental cycle, which can hardly be realized by homologous recombination. The TALEN system utilizes TALE molecules to replace the zinc finger motif as the recognition domain for target sequences, thereby solving the problem of low specificity of zinc finger to DNA sequences, further increasing gene modification efficiency to 10-40%. However, since the relative molecular mass of TALEN is much greater than that of ZFN, gene manipulation becomes more challenging. Many studies have used ZFNs and TALENs for genome editing in large mammals [30] [31] [32] [33] [34] [35] [36] [37] [38] . Different from the ZFN and TALEN systems, CRISPR/Cas9 construction only requires the design of short RNA sequences complementary to the target sequence. This process is much easier and costs less compared with TALEN, and improves the efficiency and simplicity of gene manipulation. Thus, CRISPR/Cas9 has been widely used in studies of animal genome editing [39] [40] [41] [42] . Since the efficiency of exogenous gene insertion is directly affected by that of genome editing tools, the development of CRISPR/Cas9 has promoted the production of numerous animals with site-specific gene insertions. In 2015, Ruan et al. used CRISPR/Cas9 to knockin a 9.4-kb fragment into the spine H11 locus in pigs [6] , and achieved insertion efficiencies of 54% and 6%, respectively, by G418 and non-drug screening. In this study, with no screening marker added, the CRISPR/Cas9 system achieved a positive clonal cell rate of 25.6%, indicating that CRISPR/Cas9 could simultaneously knockout endogenous genes and insert exogenous genes with high efficiency. Compared with the traditional homologous recombination, ZFN and TALEN techniques, the CRISPR/Cas9 vector is easier to construct; in addition, its operation is less time-consuming, and a high targeting efficiency is possible. It is feasible to obtain positive clonal cells by blind screening. Though non-drug screening reduces screening efficiency, it increases the safety of transgenic animal production.
Materials and methods
Ethics
All experiments used procedures consistent with The National Research Council Guide for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee of the Inner Mongolia University.
Construction of the sgRNA expression vector
Two sgRNA primer pairs (Fig. 1A) were designed for MSTN (Gene ID 100860887) exon 1 with the CRISPR design tool (crispr.mit.edu). Then, PCR was performed to amplify the fragments, which were inserted into a 455 bp fragment containing the U6 promoter (319 bp), sgRNA (20 bp), sgRNA backbone vector and a termination signal (116 bp). The Cas9 expression vector was purchased from Addgene (Cambridge, MA, USA; ID 41815).
Efficiency of the sgRNA expression vector
Fetal fibroblasts were transfected with the sgRNA and cas9 vectors (5 lg each) under optimal electroporation conditions (225 V for 2.5 ms). After 48 h of incubation, cells were harvested for genomic DNA extraction (Promega, Madison, WI, USA); the obtained DNA was PCR amplified with primers for both target loci. Primer sequences are listed in Table S2 . After recovering the PCR products (Thermo Fisher Scientific, Munich, Germany) by gel extraction, the efficiencies of the sgRNA1 and sgRNA2 vectors were assessed by the Surveyor nuclease assay.
Off-target analysis of CRISPR/Cas9
Although the CRISPR/Cas9 system shows high efficiency in gene editing, off-target mutations can occur. To detect offtarget mutations in the MSTN gene-targeted goats, potential off-target genome-editing sites were predicted by two methods. Firstly, using sgRNA for the CRISPR/Cas9 system and all four possible Protospacer Adjacent Motif sequences NGG (AGG, TGG, CGG and GGG) at the 3 0 end, a blast of the goat genome on the NCBI website was performed, identifying the top six sites with the highest similarity to sgRNA. Six sets of primers (Fig. 1D) were designed to amplify the potential off-target sites from the genomic DNA isolated from the transfected goat embryonic fibroblast (GEF) cells. The PCR products were digested with the Surveyor mutation detection kit to detect off-target events. Secondly, the tool SGRNACAS9 was used to predict potential off-target genomeediting sites [43] (Fig. 1C and Table S1 ). Flanking sequences at each site were extracted, and the DNA sequence of each potential off-target site was amplified using transfected GEF cells as templates, with the primers listed in Table S2 . Variants were identified by multiple sequence alignments.
Construction of the fat-1 knockin vector
The fat-1 knockin vector (5 0 h-pCAGDNA3-fat-1-3 0 h) mainly contained a 5 0 homologous arm, a CAG promoter, the fat-1 gene, a poly A sequence and a 3 0 homologous arm. The 5 0 and 3 0 homologous arms were both designed in accordance with the sgRNA target loci, with lengths of 1019 and 1023 bp, respectively (Fig. 1A ).
Positive clonal cell generation
GEF cell lines were established using a goat fetus (~day 40) of the Arbas cashmere goat. The fetal body was disaggregated without its head, bones and viscera and then cultured in Dulbecco's modified Eagle's Medium with Ham's F12 nutrient mixture (DMEM/F12) supplemented with 15% fetal bovine serum (FBS) at 37.5°C and 5% CO 2 in a humidified incubator. The linearized fat-1-knockin vector (4 lg), CRISPR/ Cas9 plasmid (3 lg) and linearized sgRNA2 plasmid (3 lg) were transfected into GEFs at 225 V for 2.5 ms by electroporation. After 48 h of incubation, single cells were aspirated with a hand-made pipette, and inoculated into a 96-well plate containing DMEM/F12 + 15% Biological Industries medium (Fig. 2E) . After several passages, cells were transferred into a six-well plate and cultured to 99% confluence. Half of the cells were cryopreserved, and the other half used for genomic DNA extraction.
Genomic DNA was isolated from each clone, the PCR results were verified and the sequences were analyzed. Clonal cells were respectively identified with MSTN knockout, fat-1 knockin and site-specific integration of fat-1 at the MSTN locus. To test cell clones and animals for gene knockout, site-specific or random insertions, we performed four PCR reactions: MSTN, 5 0 -junction, 3 0 -junction and fat-1. All of the primers for PCR are listed in Table S2 . PCR products were further analyzed by 1% agarose gel electrophoresis and purified from the gel using the Gene-JET Gel Extraction Kit (Thermo Fisher Scientific) and then subcloned into pMD19-T vector (TaKaRa Bio, Shiga, Japan) according to the manufacturer's instructions. Clones were picked and sequenced.
Generation gene-edited goats by SCNT
The cloned goat was generated by SCNT [44] . Briefly, oocytes with the first polar body were selected for enucleation at 18 h after maturation in vitro. The polar body was removed, and a single round donor cell was injected into the peri-vitelline space of the enucleated oocyte. Nuclearcytoplast couplets were fused by electrofusion. The couplets were incubated for 30 min at 38.5°C in a humidified atmosphere with 5% CO 2 . The fused embryos were activated by treatment with 5 lM IA23187 for 5 min and 2 mM 6-dimethylaminopurine for 4 h. The activated embryos were extensively washed five times before culture in 700 lL of development fluid. The embryos were cultured for 48 h to select 2-, 4-or 8-cell stage embryos, which were transferred into the oviducts of synchronized recipients on day 2 of estrus. Single round donor cells were P011 clonal cells with simultaneous MSTN knockout and fat-1 knockin at the MSTN locus. WT clonal cells from the same cell line as P011 were compared with the MUT goat.
Identification of the gene-edited goat
PCR characterization of the genomic DNA
To assess cell clones and animals for random or site-specific insertions, we performed three PCR reactions, namely 5 0 -junction, 3 0 -junction and fat-1. PCR primers, and the reaction system and conditions were as described above.
Southern blot
Ear fibroblasts of MUT and WT goats were assessed using Detection Starter Kit II (Roche, Mannheim, Germany; 11585614910), with WT goat as the blank control, and the fat-1 knockin plasmid as the positive control. The primers used for DNA amplification are listed in Table S2 ; fat-1 and the probe were hybridized to a 7.4 kb fragment as depicted in Fig. 1A using MluI and ScaI, indicating a sitespecific gene insertion.
Real-Time PCR
Real-time PCR was performed to evaluate the RNA levels of MSTN and fat-1 in transgenic goats, with GAPDH as an internal reference, and WT goat as a control. Real-time PCR primers are listed in Table S2 . The reaction system and conditions were based on the instructions provided with the TaKaRa Real-Time PCR Kit. Real-Time PCR was performed on a 7500 Real-Time PCR system. Relative quantification was performed by the comparative C t (2
ÀDDCt
) method (n = 3).
Western blot
Western blot was performed to assess MSTN protein expression, with GAPDH as an internal reference; ear fibroblasts from the WT goat were used as controls. 
PUFA identification
Ear fibroblasts from transgenic and WT goats were cultured in 100 cm 2 flasks. PUFAs were extracted from confluent cells. PUFA identification was performed by gas chromatography on a GCMS-QP2010 Ultra (Shimadzu, Kyoto, Japan) equipped with an HP-88 column (0.20 lm film thickness, 100.0 m 9 0.25 mm); helium was used as the carrier gas, with a constant linear rate of 20.0 cmÁs À1 , a separation ratio of 20.0, and a loading volume of 1 lL. The temperature program was 60°C for 1 min, increased at 40°CÁmin À1 to 140°C, held for 10 min; then, the temperature was raised by 4°CÁmin À1 to 240°C and held for 15 min. The relative contents of different PUFAs were calculated by peak area normalization, and the n-6/n-3 PUFA ratios were compared between the two animals.
Muscle tissue sections
Muscle samples from the leg of the MSTN gene-targeted cashmere goats were fixed in 4% paraformaldehyde for 24 h, dehydrated using an alcohol-xylene series, and embedded in paraffin wax. Sample blocks were then cut into 5 lm sections using a microtome and routinely stained with hematoxylin and eosin. The features of the muscle were analyzed by observing muscle cross-sections under a microscope. 
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